This talk summarizes work by the ATLAS Collaboration at the CERN Large Hadron Collider on the search SUSY particles and Higgs bosons and on possible measurements of their properties.
Introduction
It has been twenty years since Richard Arnowitt, Ali Chamseddine, and Pran Nath introduced minimal supergravity (mSUGRA) as a phenomenologically viable model of SUSY breaking 1 . This talk summarizes results from the ATLAS Detector and Physics Performance TDR 2 and more recent work by the ATLAS Collaboration on the search for and possible measurements of SUSY particles at the LHC. It also discusses measurements of Higgs bosons, which are a necessary part of SUSY. Much of the ATLAS work continues to be based on the mSUGRA model commemorated at this meeting.
If SUSY exists at the TeV scale, then gluinos and squarks will be copiously produced at the LHC. Their production cross sections are comparable to the jet cross section as the same Q 2 ; if R parity is conserved, they have distinctive decays into jets, leptons, and the invisible lightest SUSY particle (LSP)χ 0 1 , which gives / E T . Since ATLAS (and CMS) are designed to detect all of these, simple cuts can separate SUSY events from the Standard Model (SM) background. The main problem at the LHC is not to discover SUSY but to make precise measurements to determine the masses and other properties of SUSY particles. This will help to understand how SUSY is broken. SUSY models in which R parity is violated have also been studied, 2 but they will not be discussed here.
Since the main background for SUSY is SUSY, ATLAS has emphasized studies of specific SUSY model points. Most of these studies start by generating the signal and the potential SM backgrounds using a parton shower Monte Carlo (Herwig 3 , Isajet 4 , or Pythia 5 ) . The detector response is simulated using parameterized resolutions and acceptances derived from GEANT 6 , and an analysis is developed to isolate specific SUSY channels. Recently some work has been done using full GEANT simulation and reconstruction directly.
Search for SUSY Particles at LHC
For masses in the TeV range SUSY production at the LHC is dominated byg andq. Leptonic decays may or may not be large, but jets and / E T are always produced, and these generally give the best reach. Consider an mSUGRA with m 0 = 100 GeV, m 1/2 = 300 GeV, A 0 = 0, tan β = 10, sgn µ = +. Require / E T > 100 GeV, at least four jets with E T > 100, 50, 50, 50 GeV, and plot as a measure of the hardness of the collision M eff = / E T + j E T,j . Then as Figure 1 shows the SUSY signal dominates for large M eff . The search limits from this sort of analysis for mSUGRA requiring S > 10 and S/ √ B > 5 reach more than 1 TeV for only 0.1 fb −1 and 2 TeV for 10 fb −1 ; see Figure 2 . While the AMSB model 8 is quite different, the reach in Mg, Mq is similar: above 2 TeV for 100 fb −1 . Overall reach depends mainly on σ(Mg, Mq) provided that Mχ0 1 ≪ Mg, Mq, so one expects similar reach in most R-conserving models. This should be sufficient if SUSY is related to the naturalness of the electroweak scale.
SUSY Particle Measurements
If R parity is conserved, all SUSY particles decay to an invisible LSPχ 0 1 , so there are no mass peaks. But it is possible to identify particular decays and to measure their kinematic endpoints, determining combinations of masses. 10,2 The three-body decayχ
These endpoints can be measured by requiring two isolated leptons in addition to multijet and / E T cuts like those described above. If lepton flavors are separately conserved, then contributions from two independent decays cancel in the combination e + e − + µ + µ − − e ± µ ∓ after acceptance corrections. The resulting distributions after cuts, Figure 4 , are very clean and allow a precise 
These endpoints are smeared by jet reconstruction, hadronic resolution, and mis-assignment of the jets that come from squark decays. Nevertheless, the distributions show clear structure at about the right positions.
After accumulating high statistics and careful study, it should be possible to measure the endpoints to the expected hadronic scale accuracy, ∼ 1%. The ℓℓq threshold is more sensitive to hard gluon radiation, so it is assigned a larger error, ∼ 2%. Some distributions of the resulting masses derived assuming these errors are shown in Figure 6 for two models, mSUGRA Point 5 (S5) and an Optimized String Model (O1) with similar similar masses. Relations among the masses are determined to ∼ 1% and are clearly sufficient to distinguish these models. The LSP mass is determined to ∼ 10% by this analysis; since it is determined only by its effect on the kinematics of the decay, the fractional error on Mχ0 Figure 7 . Such a Higgs signal in SUSY events might well be observed with less luminosity than h → γγ or h → ZZ * and so be the discovery channel for the light Higgs.
If a signal for h → bb is observed in SUSY events, the h can be combined with the two hardest jets in the event to measure theq →χ 0 1 hq endpoint in a way similar to the measurement of the ℓℓq endpoint. The resulting distribution is shown in Figure 8 ; the endpoint is consistent with what is expected. While the errors are worse than for the ℓℓq endpoint, the measurement is still useful. 
Heavy Gaugino Signatures
In mSUGRA and other typical SUSY models, the light charginos and neutralinos are mainly gaugino and so dominate the cascade decays, so that 
. In principle these four decay chains give four distinct ℓ + ℓ − endpoints, but it seems impossible to resolve these even with 100 fb −1 of integrated luminosity. Nevertheless, there are > 10 3 ℓ + ℓ − events from heavy gauginos over substantial range of mSUGRA parameters;χ Event samples were generated and simulated for each of the ten points indicated in Figure 9 . Events were required to have an ℓ + ℓ − dilepton pair, M ℓℓ > 100 GeV, / E T > 100 GeV, ≥ 4 jets, and M eff > 600 GeV. To suppress SM backgrounds a cut M T 2 > 80 GeV was also made, where 13
is the minimum transverse mass obtained by partitioning the observed / E T between two massless particles. Note that M T 2 < M W for t and W backgrounds. Results for m 0 , m 1/2 = 100, 250 GeV and 150, 250 GeV are shown in Figure 10 . Evidently the signal is observable over the SUSY and SM background in both cases. The estimated statistical error on the endpoint is about ±4 GeV in both cases. The 5σ reach for such signals in mSUGRA is indicated by the dark curve in Figure 11 . Heavy gaugino signals are rather model dependent, so the ability to study them is important for understanding the SUSY model. 
Third-Generation Squark Signatures
The properties of the third-generation squarksb 1,2 andt 1,2 are important for understanding the SUSY model, but their signatures are typically complex. The main production mechanism isg production and decay. Consider for mSUGRA with m 0 = 100 GeV, m 1/2 = 300 GeV, A 0 = −300 GeV, tan β = 10, sgn µ = + the processes
Then the M (tb) endpoint can be used to measure a combination of masses of the squark masses.
The analysis 14 requires as usual multiple hard jets and large / E T plus two jets tagged as b's and two other jets j not tagged as b's and consistent with tb → jjbb. The resulting M tb distribution is still dominated by combinatorial background. The next step is to select sidebands around M jj = M W , rescale the jet momenta to M W , and subtract to determine tb signal. The M (tb) mass distributions for one point before and after subtraction are shown in Figure 12 . The fitted endpoint for this case is 443.2 ± 7.4 GeV compared to expected 459 GeV. A similar agreement between reconstructed and expected endpoints was found for all twelve points studied. Heavy squark signatures are clearly difficult, but it appears possible to use a sideband analysis such as this to study them with the ATLAS detector.
τ Signatures
The mSUGRA model assumesẽ-μ universality, and this is certainly suggested by the stringent limits on µ → eγ. Even in the simplest mSUGRA model, however, theτ behave differently thanẽ andμ because of Yukawa contributions to the RGE's, gaugino-Higgino mixing, andτ L -τ R mixing, which is ∝ m τ . Hence τ 's provide unique information and might even be dominant in SUSY decays. The ATLAS (and CMS) vertex detectors cannot cleanly identify τ → ℓνν, so it is necessary to rely on hadronic τ decays. The background for such decays is much larger than that for electrons and muons. The τ efficiency vs. jet rejection shown in Figure 13 should be compared with the > 10 4 rejection for 90% efficiency expected for electrons and muons. Furthermore, all τ decays contain missing neutrinos. For H, A → τ τ one can project / E T on the measured τ directions to reconstruct the τ τ mass, but this is not possible for SUSY because of the dominant / E T from theχ Figure 14 . The visible momentum or mass depends both on the momentum and on the polarization of the τ . Measuring the τ polarization requires separating different τ decay modes; the visible energy depends strongly on polarization for τ → πν but weakly for τ → a 1 ν. Such a separation of decay appears to be possible, albeit difficult: for example τ → πν has a single track with p = E and low electromagnetic energy. Recent work based on full GEANT simulation has given an encouraging indication that the τ τ endpoint can be inferred from the visible τ τ mass. 
GMSB Signatures
While the mSUGRA model remains after 20 years perhaps the most attractive paradigm for SUSY breaking, it may not be correct. In the GMSB model SUSY breaking is communicated via gauge interactions at a scale much less than the Planck scale, so the gravitinoG is very light. GMSB phenomenology 15 depends on the nature and lifetime of NLSP (χ 0 1 orl) to decay into theG. In general the GMSB model produces longer decay chains with more precisely measured decay products, 2 so reconstructing masses is considerably easier than in mSUGRA.
The GMSB model can give a number of special signatures related to NLSP decay. If the NLSP is aχ shown in Figure 16 . The statistical error is small; the dominant systematic error is difficult to estimate without real data. Another approach would be to look for sleptons decaying into non-pointing tracks in the central detector. This should be more sensitive for long lifetimes, but estimating the sensitivity requires studying the pattern recognition for such non-pointing tracks. Events / 2 GeV Figure 17 . e + e − + µ + µ − − e ± µ ∓ mass distribution from full GEANT simulation after corrections for average acceptance and electron energy scale. 17
Full Simulation of SUSY Events
Most studies of SUSY signatures in ATLAS have been based on fast simulation such as ATLFAST. While this should represent the ultimate performance of the detector, it does not necessarily represent the effort needed to achieve that performance. Therefore, a sample of 100k SUSY events has recently been simulated with full GEANT for an mSUGRA point with m 0 = 100 GeV, m 1/2 = 300 GeV, A 0 = −300 GeV, tan β = 6, sgn µ = +
The simulation of each event takes about 10 3 s, compared with about 1 s for event generation and fast simulation. Thus, such a study represents a large effort.
Most of the effort so far has been devoted to debugging the reconstruction software, so the results are not yet useful for assessing the performance of the ATLAS detector for SUSY. However, a few physics plots have been produced using cuts based on previous fast simulation studies like those described above. As an example, Figure 17 shows the e + e − + µ + µ − − e ± µ ∓ mass distribution from full simulation of SUSY events after corrections for the average e and µ acceptance and for the e energy scale. It is encouraging that the distribution is quite similar to that obtained from fast simulation. breaking five Higgs bosons, h, H, A, and H ± . The light, CP -even, h satisfies M h < M Z at tree level M h < ∼ 130 GeV after loop corrections. In many although not all SUSY models the h is very similar to a SM Higgs of the same mass.
The search for SM-like Higgs bosons has been a principle design goal of both ATLAS and CMS, and a large amount of effort has been devoted to studies of how to search for such particles. The global summary of these studies is shown in Figure 18 : for each SM Higgs mass there is at least one channel giving a significance of more than 5σ for an integrated luminosity of 100 fb −1 , and the combined significance of all channels is greater than about 10σ.
Recently, more effort has been devoted to studies of how to measure the properties of Higgs bosons once they are discovered. The key for doing this is to observe the Higgs boson in more than one production and/or decay channel. 18 While gg → h is the dominant production process at the LHC, W W → h is also significant and plays a crucial role in the analysis. These events can be identified by requiring hard forward jets resulting from the radiation of the W 's from incoming quarks, q → W q ′ , and no additional central jets.
A typical result from such a study is shown in Figure 19 . Events were selected using a combination of eµ, ee + µµ, and ℓh modes requiring a double forward jet tag and a central jet veto; M τ τ was reconstructed by projecting / E T on the measured τ directions. The accepted cross section is about 1.0 fb on a total SM background of 0.5 fb. Thus this channel can be used to measure the product of Γ h,W W and Γ h,τ τ . Combining a number of such measurements can give a good determination of the properties of the h, although a linear collider with sufficient energy and luminosity could do better.
It may also be possible to reconstruct heavy Higgs bosons, especially for tan β ≫ 1. An example of the reconstruction of gb → H − t with H − → τ − ν is shown in Figure 20 . Since the signature is a narrow hadronic τ plus reconstructed t, events were selected requiring an identified hadronic τ jet plus two non-b jets and a b jet consistent with t kinematics. This analysis relies on the fact that in H − → τ R ν → π − νν the π − is hard and so is well separated from SM backgrounds.
Outlook
If SUSY exists at the TeV mass scale, ATLAS should find signatures for it quite easily at the LHC. If R parity is conserved, no mass peaks for SUSY particles can be reconstructed, but several techniques have been developed to measure combinations of SUSY masses using kinematic distributions of observable decay products.
While the details of SUSY analyses at the LHC certainly depend on the details of the SUSY model, it is possible to sketch a general outline of how ATLAS could proceed first to search for and then to study SUSY with Rparity conservation:
1. Search for an excess of multijet + / E T events over the SM expectation, and observe the M eff at which this emerges from the background.
2. If such an excess is found, select a SUSY-dominated sample using simple kinematic cuts.
3. Look in this sample for special features such as prompt γ's or long-lived ℓ; either of these may occur in GMSB.
4. Look in the SUSY-dominated sample for ℓ ± , ℓ + ℓ − , ℓ ± ℓ ± , b jets, hadronic τ 's, etc.
Try simple endpoint-type analyses.
Carrying out such an initial study seems quite feasible. Its results would of course guide further more detailed and more model dependent analyses.
